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Single phase flowa b s t r a c t
The effect of aspect ratio and hydraulic diameter on single phase flow and heat transfer in a single
microchannel was investigated numerically and the results are presented in this paper. Previously, many
studies in literature investigating the effect of geometrical parameters reached contradictory conclusions
leaving some phenomena unexplained. Additionally, most researchers studied the effect of channel
geometry by varying the channel height for a constant channel width or varying the width for a constant
height. This means that the hydraulic diameter and aspect ratio vary simultaneously, which makes it dif-
ficult to identify the relative importance of the aspect ratio and the hydraulic diameter. In the present
study, the effect of hydraulic diameter was studied by varying the channel width and depth while keep-
ing the aspect ratio constant. The range of hydraulic diameters was 0.1–1 mm and the aspect ratio was
fixed at 1. In the second set of simulations, the aspect ratio ranged from 0.39 to 10 while the hydraulic
diameter was kept constant at 0.56 mm. The simulations were performed using the CFD software package
ANSYS Fluent 14.5. The geometry investigated in this study includes symmetrical cylindrical inlet and
outlet plenums and a microchannel. The fluid entered and left the channel vertically from the top in a
direction normal to the channel axis. The dimensions of the inlet/outlet plenums (diameter and height
measured from the channel bottom surface) were kept constant while the width and depth of the channel
were varied. The simulations were conducted for a range of Reynolds numbers (Re = 100–2000) and
water was used as the working fluid. A three dimensional thin wall model was used to avoid conjugate
heat transfer effects. A constant heat-flux boundary condition was applied at the bottom and vertical side
walls of the channel, while the upper wall was considered adiabatic. The friction factor was found to
decrease slightly with aspect ratio up to AR  2 after which it increased with increasing aspect ratio.
The results demonstrated that the slope of the velocity profile at the channel wall changes significantly
with aspect ratio for AR > 2. The effect of the aspect ratio and hydraulic diameter on the dimensionless
hydrodynamic entry length is not significant. Also, the aspect ratio does not affect the heat transfer coef-
ficient while the dimensionless Nusselt number increases with increasing hydraulic diameter. The fric-
tion factor was found to increase with increasing hydraulic diameter.
 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Experimental studies
Understanding fluid flow and heat transfer in microchannels is
very important to develop correlations required for the design ofmicrofluidics and heat transfer devices. Several researchers inves-
tigated single phase flow and heat transfer in microchannels and
reported significant deviations compared to the conventional lam-
inar flow theory. For example, Peng and Peterson [1] investigated
the effect of channel size on single phase flow and heat transfer
characteristics in microchannels using water and methanol as the
test fluids. The channel height was kept constant at 0.7 mm while
the channel width was varied from 0.2 to 0.8 mm (AR = Hch/
Wch = 0.875–3.5). These dimensions gave a hydraulic diameter
(Dh) range of 0.155–0.747 mm. Their experimental results
Nomenclature
AR aspect ratio, –
Ach channel cross sectional area, m
2
Ap plenum cross section area, m2
Aht heated area, m
2
C0 constant in Eq. (2)
cp specific heat, J/kg K
Dp plenum diameter, m
Dh hydraulic diameter, m
f fanning friction factor, –
f app apparent friction factor, –
Hch channel height, m
Hm manifold height, m
Hp plenum height, m
h heat transfer coefficient, W/m2 K
hav average heat transfer coefficient, W/m2 K
kð1Þ constant in Eq. (2)
kf fluid thermal conductivity, W/m K
Kc contraction loss coefficient, –
Lch channel length, m
Le entrance length, m
_m mass flow rate, kg/s
Nu Nusselt number, –
Nuav average Nusselt number, havDhkf , –
Pch;in pressure inlet, Pa
Pch;out pressure outlet, Pa
DPch channel pressure drop, Pa
DPex sudden expansion loss, Pa
DPc sudden contraction loss, Pa
p pressure, Pa
Po pressure outlet, Pa
Pr Prandtl number, –
Po Poiseuille number, fRe, –
q00 heat flux, W/m2
Re Reynolds number, qf VDhlf , –
Ra average roughness, m
Tw wall temperature, K
Tf fluid temperature, K
Tf ;av average fluid temperature, K
Tw;av average wall temperature, K
Ti fluid inlet temperature, K
To fluid outlet temperature, K
Vp velocity in the manifold, m/s
Vi velocity inlet, m/s
Vch velocity inside the channel, m/s




VP velocity in the plenum, m/s
v f fluid specific volume, m3/kg
Wch channel width, m
x, y, z Cartesian coordinates, m
Greek symbols
l viscosity, kg/m s
lf fluid viscosity, kg/m s
q density, kg/m3
qf fluid density, kg/m
3
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sition occurs at Re  300, while a fully developed turbulent flow
regime was first obtained at Re  1000. Additionally, the heat
transfer coefficient in the channel with aspect ratio 1.75 was found
to be much higher than the one obtained in other channels. They
did not explain why the heat transfer coefficient is high in this
channel compared to the other investigated channels. Peng et al.
[2] investigated experimentally flow characteristics of water flow-
ing through rectangular microchannels having a hydraulic diame-
ter range of 0.113–0.367 mm, an aspect ratio range of 0.333–1
and a relative average roughness (Ra/Dh) range of 0.6–1%. The crit-
ical Reynolds number for the onset of transition from laminar to
turbulent flow was found to depend on the channel hydraulic
diameter. Transition occurred at Re = 200 for Dh 6 0.2 mm and at
Re = 700 for Dh P 0.2 mm. The friction factor was found to deviate
significantly from the conventional laminar flow theory. For exam-
ple, in the laminar region, the friction factor was found to be pro-
portional to Re1.98 rather than Re1. Also, the friction factor was
found to increase as the aspect ratio (Hch/Wch) increases while it
decreased with decreasing hydraulic diameter. It is worth men-
tioning that the different flow regimes (laminar, transitional and
turbulent) were identified from changes in the slope of the friction
factor plotted against Re. They attributed this early transition to
the significant effect of the channel wall, which influences the
intensity of the velocity fluctuations due to inertia and viscous
forces. Additionally, they found that the Poiseuille number (Po)
increases with increasing aspect ratio, which is contrary to the
behaviour in conventional large-diameter channels. However, they
reported that it is difficult to explain the effect of aspect ratio due
to the narrow range of aspect ratios examined in their study (few
experimental data).Pfund et al. [3] conducted an experimental study to measure the
pressure drop directly across a microchannel excluding entrance
and exit losses. The test section was designed such that flow visu-
alization was possible in order to detect different flow regimes
(laminar, transition and turbulent). The channel width and length
were kept constant at 10 mm and 100 mm, respectively, while
the channel height was varied from 0.128 to 1.05 mm
(AR = 0.0128–0.105 and Dh = 0.025–0.19 mm). The surface rough-
ness of the examined channels ranged from 0.16 lm to 1.9 lm.
The local pressure was measured at eleven equidistance locations
along the channel. Water was used as the working fluid. The onset
of laminar-to-turbulent flow transition was found to occur at a Re
range of 1500–2200, where the lower value corresponds to the
smaller channel depth. The Poiseuille number (Po) was found to
be significantly higher than the theoretical value for fully
developed laminar flow as predicted by Eq. (1) below given by
Shah and London [4]. The deviation was found to increase with
either decreasing the channel height for the same surface rough-
ness (0.16 lm average roughness) or increasing the surface rough-
ness for the same channel height (1.9 lm average roughness).
However, they reported that it is difficult to conclude which
parameter (channel geometry or surface roughness) has the stron-
gest effect on the Poiseuille number (Po) due to the experimental
uncertainty.
Po ¼ 24½1 1:3553ARþ 1:9467AR2  1:7012AR3
þ 0:9564AR4  0:2537AR5 ð1Þ
Xu et al. [5] investigated single phase pressure drop for water flow
in silicon and aluminium microchannels. The hydraulic diameter
was varied from 0.03 to 0.344 mmwhile the aspect ratio was varied
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nels was 0.5 lm while that of the silicon channels was 0.02 lm.
Based on theoretical analysis, Xu et al. [5] reported that the effect
of surface roughness can be ignored for a relative roughness less
than 3%. The results demonstrated that there is a good agreement
with the laminar flow theory for the silicon channels while signifi-
cant deviations were found for the aluminium channels for
Dh < 0.1 mm. The value of the friction factor was found to decrease
as the diameter decreases for Dh < 0.1 mm and the values were
smaller than predicted by the conventional laminar flow theory
(Po = 24). Additionally, the onset of transition from laminar to tur-
bulent flow in the aluminium channels occurred at Re = 1500. They
attributted the difference observed in the aluminium channels com-
pared to the silicon channels to deviations in the channel cross sec-
tional area resulting from the difference in the manufacturing
method and test section sealing. The aluminium channels were
manufactured by machining on aluminium substrate and sealed
by a top cover which might create a small gap at the top of the
channel. On the contrary, the silicon channels were fabricated by
the etching method which is more accurate than machining and
the top cover sealed the test section using an anodic bonding tech-
nique. Gao et al. [6] investigated single phase flow of water in rect-
angular microchannels etched in a silicon wafer with a channel
height range 0.1–1 mm and a fixed width of 25 mm (AR = 0.003–
0.04 and Dh = 0.008–0.077 mm). The surface roughness was less
than 0.1 lm. The results demonstrated that channel height does
not have a significant effect on the Poiseuille number in the laminar
region where the value was almost constant at about 24 (the fully
developed value). Also, the length of the entry region was found
to be equal to 0.1ReDh. The heat transfer results showed that for a
channel height less than 0.4 mm, the Nusselt number decreases
with decreasing channel height. However, the dimensional heat
transfer coefficient plotted against channel height indicated an
opposite effect where the coefficient increased with decreasing
channel height, i.e. decreasing Dh. They attributted this behaviour
to: (1) possible inappropriateness of using the hydraulic diameter
to represent the phenomena at micro scale, (2) electrokinetic effects
and (3) the presence of a thin layer of air trapped next to the wall.
However, they reported that there is no satisfactory explanation for
the results presented in their study. It is worth mentioning that the
transition was found to occur at Re = 3500–4000.
Zhang et al. [7] studied experimentally the effect of hydraulic
diameter and aspect ratio on fluid flow and heat transfer of water
in aluminium multiport microchannel flat tubes. The hydraulic
diameter was varied from 0.48 mm to 0.84 mm while the aspect
ratio was nearly constant (AR = 0.83–0.88) and the aspect ratio
was varied from 0.45 to 0.88 while the hydraulic diameter was
almost constant (Dh = 0.6–0.63 mm). The relative roughness of all
tested samples ranged from 0.29% to 1.06%. The experiments were
performed for Reynolds number ranging from 120 to 3750. They
reported that the friction factor for all test samples agrees well
with the correlation of Shah and London [4] for fully developed
laminar flow and thus they concluded that the effect of entry
region is negligible for L/Dh > 179. The transition from laminar to
turbulent flow was found to occur at Re = 1200–1600 without an
evidence on the correlation between aspect ration and the early
transition from laminar to turbulent flow. Additionally, the aspect
ratio was found to have an insignificant effect on heat transfer rate
and the reported heat transfer enhancements in their study was
attributted to the effect of surface roughness and the entry region.
Contrary to the above studies, some researchers investigated
single phase flow and heat transfer in microchannels and reported
insignificant deviations compared to the conventional laminar flow
theory. Judy et al. [8] conducted an experimental study to measure
the single phase pressure drop in circular and square microchan-
nels. The microchannels were fabricated from two different mate-rials namely fused silica and stainless steel. The hydraulic diameter
and length of the channels ranged from 0.015 to 0.15 mm and 36 to
300 mm, respectively. All channels were tested using three fluids;
distilled water, isopropanol and methanol. No difference in beha-
viour was found for circular and square channel geometries and
the Poiseuille number (Po) was nearly independent of Re for all
diameter ranges in the laminar regime. The measured friction fac-
tor was in good agreement with the conventional laminar flow the-
ory, without early transition and no significant influences of fluid
properties were detected. Mokrani et al. [9] designed an experi-
mental device and investigated fluid flow and convective heat
transfer in low aspect ratio (AR < 0.1) rectangular microchannels
by varying the channel height from 0.05 to 0.5 mm and the hydrau-
lic diameter from 0.1 to 1 mm. They concluded that the conven-
tional laws and correlations are applicable to microchannels with
Dh P 0:1 mm. It was also observed that the microchannel hydrau-
lic diameter has no effect on the Nusselt number.
Rosa et al. [10] investigated the scaling effects on single phase
flow in microchannels. They concluded that macro scale theory
and correlations are valid at micro scale if measurement uncer-
tainty and scaling effects were carefully considered. These scaling
effects include: entrance effects, viscous heating, conjugate heat
transfer, electric double layer effects, surface roughness, and prop-
erties dependent on temperature, compressibility and rarefactions
(for gas flow only).
1.2. Numerical studies
Numerical simulations have become an important tool to pre-
dict the fluid flow and heat transfer in microchannels. Gamrat
et al. [11] performed a 2D and 3D numerical study on the conduc-
tion and entrance effects on laminar flow heat transfer of water in
rectangular microchannels. They modeled the geometry of the test
section used in the experiments conducted by Gao et al. [6] men-
tioned above for a Re number range 200–3000. The numerical Poi-
seuille number results was found to be significantly smaller than
that predicted by Eq. (2) below given by Shah and London [4] for
developing laminar flow. The value of the constants Kð1Þ and C0
in Eq. (2) depend on channel aspect-ratio and the values are given
in Ref. [12]. They attributted this deviation to the boundary layer
characteristics at the channel entrance which were not considered
in the model of Shah and London [4] who assumed a uniform
velocity profile at the channel inlet. Furthermore, the numerical
results revealed no significant size effects on heat transfer in the
microchannel heat sink down to the smallest size considered in





ðf ReÞfd þ Kð1Þ4xþ  3:44ffiffiffiffixþp
1þ C0ðxþÞ0:2
; xþ ¼ x
Re Dh
ð2Þ
Nowadays, numerous work has been done using Computational
Fluid Dynamics (CFD) software packages to predict the flow and
heat transfer characteristics in microchannels. In Ansys Fluent,
there are two approaches for dealing with the wall boundary.
The first approach is called the full conjugate model in which the
solid and fluid zones are meshed and the energy equation is solved
in both zones. Thus, the heat conduction in all directions is
accounted for through solving the energy equation in the solid
and the fluid. The second approach is a simplified approach called
the thin-wall model. Here the solid zone heat transfer is modeled by
a constant heat flux at the outer surface of the walls of the fluid
zone. As there is no need to calculate heat transfer in the solid zone
the numerical calculation time is reduced. Fig. 1 depicts the differ-
ence between the two approaches. The thin wall model approach is
illustrated in Fig. 1(a) while Fig. 1(b) shows the fully conjugate
model that includes the entire substrate. Lee et al. [13] conducted
Fig. 1. Schematic of (a) thin wall model and (b) conjugate model.
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the classical laminar flow theory at micro scale level. The investi-
gated channels were made of copper and have a rectangular cross
sectional area and a hydraulic diameter range of 0.318–0.903 mm
and a length of 24.5 mm. They evaluated two numerical models,
namely a fully conjugate model and a thin-wall model. In the fully
conjugate model, both convection in the channel and conduction
in the substrate were taken into account. The substrate thickness
of 1.5 mm was included in this model and a uniform heat-flux
was applied at the bottom surface, simulating the heat flow from
the cartridge heaters. For a thin wall analysis, a thin and highly
conductive wall without axial conduction was employed in this
model. Utilizing symmetry conditions, only a quarter domain
was modeled. Their results showed that there is no significant dif-
ference between the predictions made by the two models and the
experimental data, i.e. insignificant conjugate effects. Thus, they
concluded that the thin-wall model can be used as a computation-
ally economical alternative to the fully 3D conjugate analysis.
Recently, a numerical study on single phase flow and heat transfer
in microchannels was conducted by Sahar et al. [14]. They exam-
ined the following models: 2D thin-wall heated from the bottom,
3D thin-wall heated from the bottom, 3D thin-wall heated from
three sides and 3D fully conjugate model. The numerical predictions
were compared with experimental data. In all thin wall model sim-
ulations, the thermal boundary conditions are applied at the outer
surface of the wall (at the solid-fluid interface). For the 3D fully
conjugate model, the full copper block, similar to the one used in
the experiment, was simulated. A constant heat flux boundary con-
dition was applied at the location of the cartridge heater. They
found that conjugate effects were significant and the uniform heat
flux assumption was not valid. Accordingly, the experimental
results deviated from the 3D fully conjugate model. The deviation
was attributed to the conjugate effect, where the heat flux was
not uniformly distributed along the channel. In order to examine
this behaviour, they conducted the simulation at conditions similar
to those assumed in the experimental data reduction (3D thin wall
model) and found excellent agreement with the experimental data.
It is worth mentioning that the 3D thin wall model and the exper-
imental data shared the inaccurate or erroneous assumption of
uniform heat flux boundary conditions along the channel walls.
The insignificant conjugate effects reported by Lee et al. [13] could
be attributted to the fact that the substrate thickness used in their
3D full conjugate model was 1.5 mm which is very small compared
to the copper block thickness used in Sahar et al. [14], which is
24 mm.
Moharana and Khandekar [15] conducted a numerical study on
axial wall heat conduction in simultaneously developing flow in
rectangular microchannels using water at Re = 100. Theyconducted four sets of simulations which are summarized as fol-
lows: (1) varying the channel aspect ratio while keeping the chan-
nel cross-sectional area constant, (2) varying the channel aspect
ratio but keeping the heated perimeter constant, (3) varying the
channel aspect ratio but keeping the channel width constant and
(4) varying the channel aspect ratio while keeping the channel
height constant. The channel aspect ratio was varied from 0.25 to
2.22 and the hydraulic diameter varied from 0.16 to 0.203 mm. A
constant heat flux boundary condition was applied at the bottom
of the channel substrate while all other surfaces were considered
adiabatic. They found that the average Nusselt number decreases
with increasing aspect ratio (W/H) until AR  2 after which it starts
to increase with aspect ratio for constant cross sectional area and
heating perimeter of the channel. The authors did not give an
explanation to this phenomenon. Accordingly, they suggested
using channels of AR > 2 for better heat transfer performance and
ease of manufacture, compared to channels of low aspect ratio.
Dharaiya and Kandlikar [16] conducted numerical investigations
of heat transfer in rectangular microchannels under uniform cir-
cumferential and axial heat flux boundary conditions in fully
developed and developing flow. The aspect ratio was varied from
0.1 to 10 with the length of channel was 100 mm. Five different
cases were simulated under uniform wall heat flux; (1) four sides
heated, (2) three sides heated, (3) two sides heated (opposing
walls), (4) two sides heated (adjacent walls), and (5) one side
heated. The effect of the inlet plenum was studied through simu-
lating a channel with a plenum that has an abrupt decrease in
the cross sectional area and another plenum with a gradual
decrease in cross sectional area. It was found that the entrance
effects on Nu in the entry region of the developing flow are
insignificant. Also, in the fully developed region, Nu was found to
reach an asymptotic value and increases with increasing aspect
ratio for the four and three sides heated boundary conditions. For
the one side and two sides heated boundary conditions Nu was
found to decrease with aspect ratio. Additionally, the thermal
entrance length was found to increase as the aspect ratio increases.
Gunnasegaran et al. [17] studied numerically the effect of chan-
nel shape on water flow and heat transfer in multi-microchannel
configurations for Re = 100–1000. They studied three different geo-
metrical shapes namely; rectangular, trapezoidal and triangular.
For the rectangular geometry, three cases were investigated with
hydraulic diameter 0.259–0.385 mm and aspect ratio (Hch/Wch)
range 1.03–2.56. They reported that the rectangular channel with
the smallest hydraulic diameter has the highest heat transfer coef-
ficient. Also, the heat transfer coefficient and the Poiseuille number
were higher compared to the other examined geometries. It was
found also that the Poiseuille number increases as the aspect ratio
increases. Wang et al. [18] conducted a similar numerical study
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transfer in multi-microchannel configurations. Twelf heat sinks
with rectangular channels having hydraulic diameter range
0.172–0.406 mm and aspect ratio range 1.03–20.33 were investi-
gated. The overall thermal resistance and pumping power were
used as evaluation parameters. They reported that the rectangular
geometry achieved the best performance for aspect ratio range
8.904–11.442 and the rectangular geometry achieved the lowest
thermal resistance compared to the triangular and trapezoidal
geometries. On the other hand, the pressure drop was found to
increase with Re and AR. This means that increases in Re or AR will
raise pumping power consumption. Therefore, they suggested that
a smaller Dh combined with a larger wetted perimeter and convec-
tive heat exchange area in a rectangular microchannel is beneficial
for improving the cooling performance of microchannel heat sinks.
1.3. Hydrodynamic entry length
Recently, some researchers such as [19,20] investigated the
scaling effects on the hydrodynamic entrance length. Ahmad and
Hassan [19] carried out an experimental investigation to study
the hydrodynamics in the entrance region of microchannels using
microparticle image velocimetry (micro-PIV). The experiments
were performed in the laminar flow region with a Re number range
of 0.5–200. Square microchannels with hydraulic diameters of
0.5 mm, 0.2 mm and 0.1 mm were used and the aspect ratio effect
was not considered. They indicated that for Re > 10, the scaling
effect (channel size) on the entrance length was insignificant and
the dimensionless entry length (Le/Dh) depends only on Re. Thus,
they proposed a general empirical correlation for macro and
microchannels to estimate the dimensionless entry length, as given




0:14Reþ 1þ 0:0752Re ð3Þ
Galvis et al. [20] investigated numerically the effect of aspect
ratio and hydraulic diameter on the hydrodynamic entrance length
in rectangular microchannels. The numerical simulations were
performed to evaluate the effect of Re number (50 < Re < 200),
hydraulic diameter (0.1 mm < Dh < 0.5 mm) and channel aspect
ratio (1 < AR < 5) on the entrance length in rectangular microchan-
nels. They reported that the channel aspect ratio has insignificant
effect on the dimensionless entrance length for Re > 50. New corre-
lations were proposed to predict the entrance length for rectangu-
















0:034Reþ 1þ 0:0818Re; AR ¼ 5:0 ð7Þ
The above review demonstrates that there are many studies
investigated the effect of geometrical parameters in rectangular
channels and reported contradicting results. In most studies, the
effect of channel geometry was investigated by varying the chan-
nel height for a fixed channel width or vice versa. This means that
the hydraulic diameter and aspect ratio vary simultaneously,
which makes it difficult to identify the relative importance of the
aspect ratio and the hydraulic diameter. This could be a possible
factor explaining some discrepancies reported in literature. Addi-tionally, some researchers such as [6] reported that the hydraulic
diameter may not be the appropriate geometrical parameter to
describe flow and heat transfer in microchannels. Thus, the present
numerical study examined this factor and the effect of hydraulic
diameter was investigated by keeping the channel aspect ratio
constant while the effect of aspect ratio was investigated by keep-
ing the hydraulic diameter constant. The geometry investigated in
this study includes inlet and outlet plenums, which are very simi-
lar to the geometry investigated in many flow boiling fundamental
studies, i.e. flow boiling in a single channel. It is known that single
phase heat transfer coefficient and friction factor are commonly
used in the evaluation of flow boiling heat transfer and pressure
drop models and correlations. The associated entry and exit pres-
sure losses are also evaluated in the present study, which are usu-
ally needed for the deduction of the two phase pressure drop
across the channel. This research contributes to the understanding
of the effect of each geometric parameter, which is important from
a fundamental and a design point of view.2. Model description
The description of the model used in the present numerical
investigation will discuss in this section. The geometry investi-
gated in this study includes symmetrical cylindrical inlet and out-
let plenums (8 mm height and 2 mm diameter) and a rectangular
microchannel. The fluid entered and left the channel vertically
from the top in a direction normal to the channel axis. The dimen-
sions of the inlet/outlet plenums (diameter and height measured
from the channel bottom surface) were kept constant in this study
while the width and height of the channel were varied, see Fig. 2. In
order to understand the effect of hydraulic diameter and aspect
ratio, the effect of other parameters such as conjugate effects
should be eliminated. Accordingly, the 3D thin-wall model that
ignores the conjugate effects was used in this study. A constant
heat flux boundary condition was applied at the bottom wall and
both vertical side walls of the channel, while the upper channel
wall was considered adiabatic. This simulates the boundary condi-
tions encountered in several flow boiling studies when there is a
glass window on the upper side for flow visaulization. The same
heat flux was applied at the three heated walls for all tested chan-
nels in the present study. At the inlet plenum, a uniform velocity
was prescribed, and a zero static pressure was employed at the
outlet plenum. Since laminar flow is the dominant flow regime in
microchannels, the simulation was conducted for a range of Re
number between 100 and 2000 and water was used as the working
fluid. In the first set of simulations, the hydraulic diameter was var-
ied from 0.1 to 1 mm while the aspect ratio was kept constant at 1.
In the second set of runs, the aspect ratio was varied from 0.39 to
10 while the hydraulic diameter was kept constant at 0.56 mm, see
Table 1.
The simulation was conducted using FLUENT 14.5, while ICEM
14.5 was used to design the geometrical models, produce the grid
generation and set the boundary definitions. The SIMPLE scheme is
used to resolve the pressure-velocity coupling. The flow momen-
tum and energy equations are solved with a first-order upwind
scheme. The simulations are performed using a convergence crite-
rion of 106. The hexa meshing grid scheme was used to mesh the
system as shown in Fig.3. A highly compressed non-uniform grid
near the channel walls was adopted in order to properly resolve
viscous shear layers. Grid nodes were also concentrated along
the axial direction in the entrance of the channel in order to prop-
erly resolve the flow and thermal development regions as adopted
by Fedorov and Viskanta [21] and Qu and Mudawar [22]. A grid
dependency study was conducted using the axial Nusselt number
(see Fig. 4) as a criterion to ensure the results are independent of
Fig. 2. 3D Thin wall computational model (Hch ¼ Hm).
Table 1
Channel dimensions used for the numerical simulations in the present study, Lch ¼ 62
(mm).
Run Wch (mm) Hch (mm) Dh (mm) AR (Hch=Wch)
1 1 0.39 0.56 0.39
2 0.56 0.56 0.56 1
3 0.46 0.7 0.56 1.52
4 0.42 0.84 0.56 2
5 0.35 1.4 0.56 4
6 0.32 2.4 0.56 7.50
7 0.31 3.1 0.56 10
8 0.1 0.1 0.10 1
9 0.3 0.3 0.3 1
10 0.5 0.5 0.50 1
11 0.7 0.7 0.7 1
12 0.9 0.9 0.9 1
13 1 1 1 1
798 A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814the mesh. Three different grid sizes of 15 15 300 (Grid 1),
20 15 400 (Grid 2) and 20 50 600 (Grid 3) were used for
x-y-z direction representing width, height and length, respectively.
Grid sensitivity study was conducted in the laminar and the pre-
dicted Nusselt number changed by less than 1% from the
15 15 300 to the 20 50 600 grid size. Hence the intermedi-
ate grid size of 20 15 400 was chosen in order to save compu-
tational time.
The following assumptions were adopted: (1) steady state fluid
flow and heat transfer, (2) incompressible fluid, and (3) negligible
radiative heat transfer. Based on these assumptions, the governing
differential equations used to describe the fluid flow and heat
transfer in the microchannel are given as:
Conservation of mass (continuity)
rðqV!Þ ¼ 0 ð8ÞConservation of momentum
V
!
rðqV!Þ ¼ rpþr  ðlrV!Þ ð9Þ
Conservation of energy for fluid
V
!
rðqcpTf Þ ¼ r  ðkfrTf Þ ð10Þ
The aspect ratio (AR) and hydraulic diameter (Dh) of a rectangu-
lar microchannel are defined as:
AR ¼ Hch
Wch
; Dh ¼ 4ðHchWchÞ
2ðHch þWchÞ ð11Þ
The Reynolds number is defined as:
Re ¼ qf VchDh
lf
ð12Þ






and DPch ¼ Pch;in  Pch;out
The local heat transfer coefficient is defined as:
hðxÞ ¼ q
00
Tw;avðxÞ  Tf ;avðxÞ ð14Þ
Tw;avðxÞ is the axial wall temperature calculated by averaging all val-
ues obtained by extracting the data using a line plotted along the
width and height of the channel at each axial location. Tf ;av (x) is
the axial fluid temperature calculated by averaging the data along
a line plotted across the width and height of the channel at the cen-
terline of the channel for each axial location. This approached have
been compared with the ‘mixing cup’ temperature, which was usu-
Fig. 3. Schematic and computational meshes of geometrical model.
Fig. 4. Grid independence test study for geometrical model.
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between the two approaches was less than 1%.









and the average Nusselt number is defined as:Nuav ¼ havDhkf ð17Þ3. Results and discussion
This section presents and discusses the numerical results of the
effect of aspect ratio and hydraulic diameter on single phase flow
and heat transfer in single rectangular microchannels. Section 3.1
presents the validation of the numerical results. Sections 3.2 and
3.3 presented, respectively, the effect of aspect ratio and hydraulic
diameter on the hydrodynamic entry length, friction factor and
800 A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814average Nusselt number. The thermal entry length is not included
in this study because the channel is not long enough and the flow is
hydrodynamically developed, but thermally developing for allFig. 5. Velocity and temperature contour at Aexamined conditions. Fig. 5 illustrates the flow development along
the channel for AR = 10 and AR = 0.39 showing that the flow is
hydrodynamically developed but thermally developing. At theR = 10 and AR = 0.39 along the channel.
A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814 801end, the minor losses (entry and exit losses) are discussed in
Section 4.3.1. Validation of numerical results
The numerical results of friction factor and Nusselt number
were validated using experimental data obtained using water flow
in a single rectangular channel of 0.56 mm hydraulic diameter,
0.39 mm depth and 1 mm width (Run 1 in Table 1). The design
of the test section was such that the fluid enters and leaves the
channel in a similar way to the configuration depicted in Fig. 2.
The details of this validation can be found in Sahar et al. [14].
Fig. 6a shows the heat transfer validation where the predicted
average Nusselt number was compared with the experimental data
[23], the predictions from the correlations of Shah and London [4]
for fully developed and developing flow and the correlation of
Bejan [24] for developing laminar flow. It can be seen that the
numerical predictions are in excellent agreement with the experi-
mental data. The deviation between the numerical predictions and
the predictions from the correlations of Shah and London [4] andFig. 6. Comparison of (a) Nusselt number and (b) friction factor with theBejan [24] could be due to the fact that these correlations were
based on 2D analysis and the effect of the inlet manifold was not
included, i.e. they assumed uniform velocity at the channel inlet.
Fig. 6b shows the validation of the numerical results of the friction
factor using the experimental data [23] and Shah and London [4]
correlations for developing and fully developed flow. It is obvious
that the numerical results agree very well with the experimental
data and mostly also with the correlation of Shah and London [4]
for developing laminar flow. The slight deviation from the correla-
tions for both developing and developed turbulent flow observed
for Re > 1400 might be explained by the flow becoming transitional
leading to an increase in friction factor.3.2. Effect of aspect ratio
3.2.1. Hydrodynamic entry length
The effect of aspect ratio on the dimensionless hydrodynamic
entry length (Le/Dh) is investigated for an aspect ratio range of
0.39–10 and Dh = 0.56 mm. The entry length (Le) can be defined
as the length from the channel inlet to the location at which theexperimental data [23] and the predictions from correlations, [4,24].
802 A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814velocity attains 99% of its fully developed value [4]. Fig. 7a depicts
an example on how the entry length was obtained in the present
study for Re = 235, 591, 873 and Dh = 0.1 mm while Fig. 7b shows
how the velocity profile develops along the channel until it reaches
the fully developed shape for AR = 0.39 and Re = 181. The
numerical data were compared with Eq. (3) proposed by Ahmad
and Hassan [19] and Eq. (4) given by Galvis et al. [20] for the
dimensionless hydrodynamic entry length. It is worth mentioning
that Galvis et al. [20] proposed four different correlations (see Sec-
tion 1) and each correlation is valid for a certain aspect ratio and
Re < 50. They reported that for Re > 50 the effect of aspect ratio
on the dimensionless entry length is insignificant and any of the
four correlations (Eqs. (4)–(7)) can be used. Thus, Eq. (4) was
selected for comparison with the results of the current study.
Fig. 8 shows the effect of aspect ratio on the dimensionless hydro-
dynamic entry length (Le/Dh) compared to the predictions from Eq.Fig. 7. Hydrodynamic entry length identification, (a) maximum velocity attains 99 % of t
Re = 181, Dh = 0.56 mm and AR = 0.39.(3) given by Ahmad and Hassan [19] and Eq. (4) given by Galvis
et al. [20].
As seen in the Fig. 8, the aspect ratio does not have a significant
effect on the dimensionless hydrodynamic entry length and the
numerical results are in reasonable agreement with Ahmad and
Hassan [19] (the mean absolute error ranged from 1.527% to
24.059%) and Galvis et al. [20] (the mean absolute error ranged
from 1.008% to 23.659%). Although the two correlations give a sim-
ilar range for the mean absolute error, the average value of the
mean absolute error from the correlation of Galvis et al. [20] is
smaller than that from the correlation of Ahmad and Hassan [19]
(7.63% versus 13.6%). These small deviations could be due to differ-
ences in entry conditions. It is worth mentioning that in the
numerical study of Galvis et al. [20], the velocity was assumed to
be uniform at the channel inlet while in the present study the
velocity was assumed uniform at the inlet of the plenum. In thehe fully developed value for Dh = 0.1 mm, (b) development of the velocity profile for
Fig. 8. Comparison of numerical dimensionless entrance length and existing correlations [19] and [20] at different channel aspect ratio (0.39 < AR < 10) with Dh = 0.56 mm.
A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814 803experimental study of Ahmad and Hassan [19], the test section
consisted of a planar large reservoir (plenum) which was 100 times
greater and deeper than the microchannel hydraulic diameter only
in the upstream side. On the contrary, in the present study, sym-
metrical cylindrical inlet and outlet plenum were allocated at theFig. 9. Vena contracta effects produced by shaupstream and downstream of the microchannels for all tested
channels as shown in Fig. 2. Also, the channels in the present study
were simulated with a sharp edge corner at the inlet of the
microchannel. This produced a flow separation or vena contracta
effect in the inlet region of the microchannel, as shown in Fig. 9.rp edge corner at the microchannel inlet.
Fig. 10. Velocity contour and streamline at inlet channel.
Fig. 11. (a) Comparison between predicted friction factor and existing correlations [4]. (b) Variation of friction factor with varying channel aspect ratio.
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Fig. 12. Fully developed velocity profile against channel height and width for AR = 0.39, 2 and 10 at Re  500.
Fig. 13. Effect of Reynolds number and aspect ratio on Poiseuille number.
Fig. 14. The friction factor versus aspect ratio compared to the results of Xing et al.
[27].
A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814 805The vena contracta effect was observed only at the corner formed
by the top wall and the plenum wall. On the contrary, a non-
symmetric vena contracta was observed at the top and bottomwall
of the channel in the study of Ahmad and Hassan [20] due to the
presence of deeper inlet plenum. Fig. 10 illustrates the velocity
streamline at the channel inlet where vortices exists near the side
walls. This phenomenon was due to the flow separation at the
channel inlet when the flow enters the microchannel from the ple-num as stated in [25]. Therefore, the inlet velocity profile needs to
be carefully considered in order to estimate the entrance length. As
reported by Beavers et al. [26], the inlet velocity profile is depen-
dent on the geometry of the transition section between the plenum
and the channel.3.2.2. Friction factor
Fig. 11 illustrates the effect of aspect ratio on the friction factor
for a fixed hydraulic diameter value of 0.56 mm. The numerical
results are compared with the correlations proposed by Shah and
London [4] for fully developed and developing flow. Fig. 11a
demonstrates that for aspect ratio values from 0.39 to 2, there is
no significant effect on the friction factor and the trend and magni-
tudes are very close to the prediction from the correlation of Shah
and London [4] for developing flow. For aspect ratios greater that 2,
the magnitude of the friction factor and the slope of the line are
higher than those predicted using the Shah and London correlation,
particularly in the low Re number region (Re < 400). Fig. 11b shows
the friction factor plotted versus aspect ratio for Re = 500 and 1500.
It can be seen in the figure that the magnitude of the friction factor
remains almost constant with increasing aspect ratio up to AR = 2,
then the values start to increase slightly with aspect ratio for
Re = 500 and, finally, increase significantly with aspect ratio for
Re = 1500. The friction factor increased by 10.7% for Re = 500 and
increased by 36.24 % for Re = 1500 when the aspect ratio was
increased from 2 to 10. In other words, for design purposes, the
aspect ratio should be less than 2 in order to achieve a low pressure
drop and, consequently, pumping power. The effect of aspect ratio
on the friction factor can be explained by plotting the fully devel-
oped velocity profile along the channel height and width as seen in
Fig. 12 for the lowest aspect ratio (AR = 0.39), for aspect ratio = 2
and for the highest aspect ratio (AR = 10). Fig. 12 indicates that
there is a small change in the slope of the velocity profile at the
channel wall along the channel width for the three values of aspect
ratio, i.e. approximately similar wall shear stress. On the contrary,
the velocity profile along the channel height indicates that the
slope of the velocity profile is almost similar for AR = 0.39 and 2,
i.e. similar wall shear stress and thus similar friction factor.
Increasing the aspect ratio beyond 2 resulted in significant changes
in the velocity profile as seen for AR = 10. The velocity profile
became flatter with steep velocity gradient (large slope) near the
channel wall, i.e. higher wall shear stress and thus higher friction
factor. This may explain why the friction factor increases with
aspect ratio for AR > 2 in the present study.
Gunnasegaran et al. [17] investigated numerically the effect of
geometrical parameters on water flow in multi-microchannel
Fig. 15. Comparison between predicted Nusselt number and existing correlations [4,24].
Fig. 16. Variation of Nusselt with varying channel aspect ratio.
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increases when the ratio Wch/Hch increases (when the aspect ratio
decreases). This contradicts the results of the present study,
where there is no clear effect of aspect ratio up to AR = 2. They
attributed the increase of the Poiseuille number with the
decrease of aspect ratio to the decrease in flow area and the vor-
tex effects, which become more significant with decreasing
aspect ratio. However, inspecting the values of channel depth
and width in their study, one can see that increasing the ratio
Wch/Hch results in an increase in the flow area, which contradicts
their explanation. Fig. 13 depicts the effect of Reynolds number
and aspect ratio on the Poiseuille number. The figure demon-
strates that the Poiseuille number decreases moderately with Re
in the very low Reynolds number region then it remains almost
unchanged before it increases slightly with Re in the high Re
number region. At low Re number, the developing length is very
small and the flow becomes fully developed over a significant
part of the channel length while at high Re number the friction
factor increases due to the fact that the flow is developing over
a significant part of the channel length. Additionally, it is obvious
that the Poiseuille number increases with increasing aspect ratio
for AR > 2. Xing et al. [27] conducted a theoretical study to inves-
tigate the effect of aspect ratio on a fully developed laminar flowin rectangular ducts. Their results showed that the Poiseuille
number increases as the aspect ratio decreases, which seems to
contradict the results of the present study. It is worth mentioning
that the definition of the aspect ratio in their study was such that
it was always less than 1 (the ratio of the shortest to the widest
side). They gave a simplified equation for the prediction of the
friction factor, which is valid for aspect ratio less than 0.2, see
Eq. (18) below. For the sake of comparison with this equation,
the aspect ratio was defined similarly as [27] and the results of
the comparison are shown in Fig. 14. It is clearly shown that
there is a good agreement between the results of the present
study and the results of [27], i.e. the friction factor increases as




This initial decrease of Poiseuille number with aspect ratio
observed in Fig. 13 was also reported by Kashaninejad et al. [28].
They investigated both analytically and numerically the effects of
aspect ratio on friction factor and velocity profile in rectangular
microchannels. They reported that the Po number decreases shar-
ply from 24 at an aspect ratio near zero to 14.25 at an aspect ratio
of 1 as the aspect ratio increases for AR < 1. In their study, the
A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814 807aspect ratio was defined as width to height ratio. For aspect ratios
greater than 1, the Po increased with increasing aspect ratio until it
reached again 24 (the value for parallel plates). Finally, they con-
cluded that AR  1, which is a square cross-section channel, gener-
ates the lowest friction factor and as the channel cross section
deviates from the square shape, the frictional pressure losses
increases.
3.2.3. Heat transfer
Fig. 15 shows the average Nu plotted versus Re for different
aspect ratios with the same hydraulic diameter. Also included in
the figure are the comparisons with Bejan [24] (Eq. (19)) and Shah
and London [4] Eq. (20) correlations for hydrodynamically devel-
oped and thermally developing flow.
Nu ¼ 1:375 L
RePrDh
 0:5
ð19ÞFig. 17. Comparison of wall temperature (solid line) and fluid temperature (dotted line) fNu ¼ 1:953ðRePrDh=LÞ1=3; RePrDh
L
 




It is obvious that the average Nusselt number increases with Re,
which indicates that the flow is thermally developing, bearing in
mind that the flow is laminar. Also, the aspect ratio effect on Nu
is insignificant. Additionally, the results agree reasonably well with
the correlation of Shah and London with values that are slightly
higher. The correlation of Bejan [24], however, over predicts the
data significantly. In order to clarify the effects of aspect ratio,
the data of Fig. 15 were plotted in Fig. 16 as average Nu versus
aspect ratio for Re = 500 and 1500. As shown in Fig. 16, the chan-
nels were classified into shallow channel ðAR < 1Þ, square channel
ðAR ¼ 1Þ and deep channel ðAR > 1Þ. The figure shows that theor tested aspect ratio at (a) Re  500 (b) Re  1500; [ ] AR = 0.39; [ ] AR = 10.
Fig. 18. Comparison of obtained dimensionless entrance length at different channel hydraulic diameter (0.1 < Dh (mm) < 1) with existing correlations. [19,20].
Fig. 19. Comparison between predicted friction factor and existing correlations [4].
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cant. It is worth mentioning that a constant heat flux value was
applied at the bottom and side walls of all tested channels and
the hydraulic diameter was kept constant. Thus, the insignificant
effect of aspect ratio on heat transfer rates in this study could be
attributed to the behaviour of the wall and fluid temperature.
Fig. 17a and b depicted the fluid and wall temperature distribution
along the channel for Re = 500 and Re = 1500, respectively and for
the lowest and highest aspect ratio. It is clearly shown that the
temperature difference between the wall and fluid temperature
is almost the same for the two channels. Therefore, the Nu values
at a given Re number showed insignificant deviation for all cases.
The results obtained in this study agree with Harm et al. [29]
who reported that the effect of aspect ratio on heat transfer rates
is insignificant.3.3. Effect of hydraulic diameter
In this section, the effect of hydraulic diameter was studied by
varying Dh between 0.1 and 1 mm while the aspect ratio was kept
constant at AR ¼ 1. The dimensionless entrance length for all
tested microchannels was compared with existing correlations
[19,20] and was depicted in Fig.18. Similar conclusions can be
drawn as in Section 3.2, as the dimensionless entrance length
was observed to become independent of hydraulic diameter and
the results were found to agree well with Ahmad and Hassan
[19]. In Fig. 19, the friction factor data are plotted against Re and
compared with existing correlations [4]. The figure shows that
the friction factor is in a reasonable agreement with Shah and Lon-
don [4] and no clear effect of the hydraulic diameter on the friction
factor could be identified. The friction factor at Re = 500 and
Fig. 20. Variation of friction factor with varying channel hydraulic diameter, Dh.
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order to clarify the effect of hydraulic diameter. Fig. 20 shows that
the friction factor increases with increasing hydraulic diameter,
which agrees with the results of Peng et al. [2] and Xu et al. [5],
but contradicts the findings of some researchers [6,10,27] who
reported an insignificant effect of hydraulic diameter on the fric-
tion factor. The friction factor in the present study increased by
22.94 % for Re = 500 and increased by 32.53% for Re = 1500 when
the hydraulic diameter increased from 0.1 mm to 1 mm. Silverio
and Moreira [30] studied the pressure drop and heat transfer in
fully developed flow in channels with square and circular cross
section with hydraulic diameter ranging from 0.05 mm to
0.5 mm. Three different working fluids were used: distilled water,Fig. 21. Fully developed velocity profile against channel height and width micmethoxy-nonafluorobutane and methanol. They stated that the
microscale effect is negligible in channels with a hydraulic diame-
ter larger than 0.2 mm and for smaller channels the results were
found to deviate from the classical theory at Re < 100. In order to
explain the effect of hydraulic diameter in the present study, the
fully developed velocity profile along the channel width and height
were plotted in Fig. 21, at Re = 500 and 1500 and for D = 0.1, 0.5
and 1 mm. The figures demonstrate that the velocity profile plotted
along the channel width and height is very similar with insignifi-
cant changes as the hydraulic diameter increases. The similarity
of the velocity profile along the channel width and height arises
from the fact that all examined channels have a square cross sec-
tional area (AR = 1). This similarity in the velocity profile leads to
the conclusion that the local wall shear stress and thus the local
friction factor values are similar in the fully developed region irre-
spective of the value of the hydraulic diameter. Accordingly, the
increase of friction factor with hydraulic diameter found in the pre-
sent study cannot be explained using the velocity profile and shear
stress. The reason could be attributed to the increase of the hydro-
dynamic entry length (the dimensional value) with increasing the
hydraulic diameter and Reynolds number. As the length of the
entry region increases, the average pressure drop and thus the
average friction factor increases.
The effect of hydraulic diameter on Nusselt number was illus-
trated in Fig. 22. As seen in the figure, the Nusselt number
increases with Re as expected and the numerical values agree rea-
sonably well with the predicted values using the correlation of
Bejan [24] for the whole diameter range except Dh = 0.1 mm, where
a significant deviation was observed. The effect of the hydraulic
diameter on Nu is clearly shown in Fig. 23 for Re = 500 and 1500
compared to the predictions from Shah and London [4]. As seenrochannel for Dh = 0.1 mm, 0.5 mm and 1 mm at Re  500 and Re  1500.
Fig. 22. Comparison between numerical Nusselt number predictions and existing correlation [25] (solid line; [ ] 1 mm; [black] 0.9 mm; [ ] 0.7 mm; [ ]
0.5 mm; [ ] 0.3 mm; [ ] 0.1 mm) with varying channel hydraulic diameter.
Fig. 23. Variation of Nusselt with varying hydraulic diameter.
810 A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814in Fig. 23, the hydraulic diameter affects significantly the average
Nusselt number where Nu increases with increasing hydraulic
diameter. This phenomenon is further explained below. Also, the
figure demonstrates that the numerical data are in excellent agree-
ment with the predictions using the Shah and London [4] correla-
tion. Fig. 24 shows the wall and fluid temperature at Re = 500 and
Re = 1500 for the lowest and highest Dh tested in this study in order
to explain the effect of the hydraulic diameter. The figure indicates
that the temperature difference between wall and fluid for
Dh = 1 mm is higher compared to Dh = 0.1 mm. Therefore, the mag-
nitude of the dimensional heat transfer coefficient for Dh = 0.1 mm
is higher compared to Dh = 1 mm. In other words, the dimensional
heat transfer coefficient increases as the hydraulic diameter
decreases. On the contrary, Fig. 23 depicts an opposite effect for
hydraulic diameter on Nusselt number. This is arising from the fact
that the Nusselt number depends on two variables namely the
hydraulic diameter and the heat transfer coefficient (Nu = hDh/k).
Since the heat transfer coefficient (h) decreases as Dh increases,
the value of Nu will depend on which variable has a more domi-
nant effect. Fig. 25 clarifies this point by plotting the local heat
transfer coefficient and Nu against the axial distance for Dh = 0.1–
1 mm and Re = 500 and 1500. The figure shows clearly that thelocal heat transfer coefficient increases with decreasing hydraulic
diameter while the opposite occurs for Nu. Also, the figure shows
that for Re = 500 the flow is thermally developing for all diameters
except for Dh = 0.1 where the values reached almost a constant
value. The same result was found in the numerical work of Lee
and Garimella [31] for laminar, thermally developing flow in
microchannels having a hydraulic diameter and an aspect ratio
range between 200 to 364 lm and 1 to 10, respectively. The local
and average Nusselt numbers showed a decrease with decreasing
hydraulic diameter and increasing aspect ratio. Dharaiya and Kan-
dlikar [16] also studied the effect of aspect ratio, ranging from 0.1
to 10, in a rectangular microchannel. The hydraulic diameter varied
as the aspect ratio changed. So from this study it is difficult to
determine which geometric parameter has the most significant
effect on heat transfer. It is interesting to note that the predicted
Nu for fully developed flow obtained in five different cases showed
an inconsistent trend for each tested case. In this present study, the
average Nu number increased with increasing hydraulic diameter
and followed the same trend as found for the one heated-wall
boundary-condition presented by Dharaiya and Kandlikar [16].
As shown in the sections above, the present results indicate that
the hydraulic diameter has the most significant effect on heat
transfer while the effect of the aspect ratio on heat transfer at a
given hydraulic diameter is negligible. Furthermore, as shown in
Fig. 23, the present results were found to be in a good agreement
with the correlation of Shah and London [4] for all the range
studied.4. Effect of channel geometry on entry/exit losses
In most experimental studies that include inlet/outlet restric-
tions, the channel pressure drop was estimated by subtracting all
minor losses (sudden contraction and enlargement) from the total
measured pressure drop. The minor losses were calculated using
equations proposed for large geometries, implicitly assuming that
the flow structure would be the same in micro geometries. In the
present study, the minor losses were examined in order to assess
whether they can be ignored or not. Fig. 26 shows the pressure
variation along the test section from the mid plane of the inlet ple-
num to the mid plane of the outlet plenum. It is obvious that there
Fig. 24. Comparison of wall temperature (solid line) and fluid temperature (dotted line) for tested aspect ratio at (a) Re  500 (b) Re  1500; [ ] Dh = 1 mm; [ ]
Dh = 0.1 mm.
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nel inlet due to the 90 change in flow direction, further down-
stream the pressure decreases linearly up to the channel exit
where a sudden increase occurs due to pressure recovery in the
outlet plenum. Also, the small pressure recovery due to vena con-
tracta at the channel inlet is not observed, i.e. there were negligible
losses due to the sudden contraction. The entry and exit losses
(combined losses due to change in flow direction and change in
flow area) are estimated in the present study and the values are
summarized in Table 2. As mentioned in Section 2, a uniform
velocity was employed at the inlet plenum. Differences in channel
area, however, resulted in different velocities in the channel.
Therefore, a Re number between 520 and 677 was chosen in order
to compare the entry and exit losses for all tested channels. The
table demonstrates that the entry losses ranged from 7.33% to
10.51% for AR = 0.39–10 and Dh = 0.56 mm and ranged from 2.37%
to 14.19% for Dh = 0.1–1 mm and AR = 1. The exit losses ranged
from 1.96% to 22.35% for AR = 0.39–1 and ranged from 1.36 to
29.67 for Dh = 0.1–1 mm. This means that regardless of the geo-
metrical parameter (aspect ratio or hydraulic diameter) the entry
and exit losses could be significant and should be taken into con-sideration. In the last two columns of Table 2, the numerical values
were compared with the values predicted using conventional
macroscale equations given below for sudden expansion, sudden
contraction and 90 changes in flow direction. These Eqs. (21)–
(23) are taken from Ref. [32]. For the entry losses, the numerical
values were lower by 6.7–22% compared to the prediction using
the conventional equations. For the exit losses the difference
was significant where the numerical values were 28–45% lower.
In conclusion, using the conventional equations for predicting
the minor losses in microchannels could result in significant error
in the calculations of the experimental friction factor and thus
caution should be exercised when comparing with the laminar
flow theory.








For sudden contraction, the contraction losses are defined using a
loss coefficient Kc as given in Eq. (20). The value of this coefficient
ranges from 0 to 0.5 depending on the small to large area ratio
(Ach/Ap), which is given in [26] in the form of a chart.
Fig. 25. Axial heat transfer coefficient and Nusselt number at Re = 500 (a and b) and Re 1500 (c and d).




For a sharp change in flow direction by 90, the following equation
was used:
Dp90 ¼ K90 
1
2
qV2p ; K90 ¼ 1:1 ð23ÞFig. 26. The pressure along the test section for Re = 578, Dh = 0.56 mm, AR = 1.52.5. Thermal performance index (TPI)
The thermal performance index defined in [33] as the ratio
between the heat exchanger effectiveness (ratio of the actual heat
transfer rate to the maximum possible heat transfer rate) and pres-
sure drop is a useful mean for the evaluation of heat exchangers. In
this study, only single channel was investigated rather than a com-
plete microchannel heat exchanger. However, the same principle
can be applied to evaluate the effect of hydraulic diameter and
aspect ratio on the thermal-hydraulic performance. Thus the ther-
mal performance index is defined in this study as:
n ¼ _mcpðTout  TinÞ
q00AhtDp
ð24Þ
where _m is mass flow rate and Aht is the total heat transfer area,
ðW þ 2HÞL. Fig. 27a depicts the effect of aspect ratio on the perfor-
mance index while Fig. 27b shows the effect of hydraulic diameter.
Both figures indicate that the performance index decreases with
increasing Reynold number. The aspect ratio did not affect the per-formance index significantly for AR > 1 while the performance
index was higher for AR = 0.39 compared to the other values of
aspect ratio. Fig. 27b indicated a clear effect for the hydraulic diam-
eter where the performance index was higher for larger diameter at
the same Reynolds number. The conclusion based on the perfor-
mance index is different from the conclusion based on the separate
analysis of friction factor. For example, it was concluded that, based
on the friction factor data only, channels with aspect ratio between
1 and 2 is recommended to achieve low pressure drop. On the con-
trary, including the heat transfer in the evaluation using the ther-
Table 2
Entry and exit pressure losses.




1 0.39 0.56 657 5191.99 10.51 10.68 0.933 0.610
2 1 0.56 585 3635.64 9.65 22.35 0.844 0.597
3 1.52 0.56 600 3491.38 10.07 13.25 0.892 0.598
4 2 0.56 520 3327.79 7.74 16.46 0.787 0.604
5 4 0.56 574 4310.94 7.38 5.29 0.777 0.628
6 7.5 0.56 637 5325.94 7.77 1.96 0.822 0.678
7 10 0.56 637 5540.39 7.33 1.97 0.813 0.714
8 1 0.1 586 528469.00 2.37 1.36 0.902 0.547
9 1 0.3 648 23783.50 6.24 10.07 0.787 0.560
10 1 0.5 537 4523.58 8.09 16.31 0.788 0.586
11 1 0.7 677 2537.00 12.88 29.67 0.827 0.628
12 1 0.9 666 1168.85 14.19 28.65 0.850 0.685
13 1 1 585 766.77 13.99 27.83 0.876 0.721
Fig. 27. Variation of thermal performance index against Re at difference (a) AR and (b) Dh
A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814 813mal performance index, a channel with aspect ratio 0.39 gave the
highest performance. This means that the performance index
should be included for the analysis of thermal-hydraulic perfor-
mance of microchannels heat exchangers.6. Conclusions
Numerical simulations were carried out to investigate the effect
of hydraulic diameter and aspect ratio on fluid flow and heat trans-
814 A.M. Sahar et al. / Applied Thermal Engineering 115 (2017) 793–814fer in single rectangular microchannels. In the simulations, a con-
stant heat flux boundary condition was applied on three walls,
while the fourth top wall was adiabatic. In the first set of simula-
tions, the range of hydraulic diameters was varied from 0.1 to
1 mm and the aspect ratio was fixed at 1. In the second set of sim-
ulations, the aspect ratio was varied between 0.39 and 10 while the
hydraulic diameter was kept constant at 0.56 mm. The simulations
were conducted for a range of Reynolds number from 100 to 2000
(laminar flow) and water was used as the working fluid. Entrance
and exit effects were considered by including inlet/outlet plenums.
The following conclusions can be drawn:
1. The dimensionless hydrodynamic entrance length does not
depend on aspect ratio and hydraulic diameter. The correlations
given by Ahmad and Hassan [19] and Galvis et al. [20] can pre-
dict reasonably the hydrodynamic entry length.
2. The friction factor was found to decrease slightly with increas-
ing aspect ratio (AR) until AR  2 after which it increases contin-
uously with aspect ratio. Thus, based on friction factor data
only, an aspect ratio between 1 and 2 may be recommended
for design in order to achieve low pressure drop. However,
including heat transfer and using the thermal performance
index as an evaluation criterion, channels with AR = 0.39 gave
the best performance.
3. Increasing the aspect ratio beyond 2 resulted in a significant
effect on the velocity profile. It changed from a nearly parabolic
shape at low aspect ratio to a flattened shape with a large slope
at high aspect ratio. This may explain why the friction factor
increases with aspect ratio.
4. The aspect ratio has an insignificant effect on the heat transfer
rate.
5. The friction factor and average Nusselt number increases with
increasing hydraulic diameter for simultaneously thermally
and hydrodynamically developing flow.
6. The effect of the hydraulic diameter on friction factor and heat
transfer is more important compared to the effect of aspect
ratio.
7. The correlations of Shah and London [4] for predictions of fric-
tion factor and heat transfer rates are still applicable at micro
scale with a reasonable accuracy. This agrees with the conclu-
sion given by Rosa et al. [10] who reported that macro scale the-
ory and correlations are valid at micro scale if measurement
uncertainty and scaling effects were carefully considered.
8. The simultaneous variation in hydraulic diameter and aspect
ratio encountered in previous experimental studies is not a rea-
son for the deviation from the macro scale theory reported in
these studies.
9. The thermal performance index should be taken into consider-
ation in the analysis of thermal-hydraulic performance of
microchannels heat exchangers.References
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